a High-temperature thermomechanical pulps (HT-TMP, defibrated at 150 to 170 °C) were compared to a reference TMP (defibrated at 130 °C) as a reinforcement for polylactic acid (PLA). Composites were prepared by melt compounding, followed by injection molding, gradually increasing the used fiber content from 0 to 20 wt.%. The injection-molded specimens were characterized by tensile and impact strength tests, scanning electron microscopy, water absorption tests, and differential scanning calorimetry. The TMP fiber damage was also characterized before and after melt compounding by optical analysis. At 20% fiber content, the Young's modulus increased significantly, while the tensile strength remained unchanged and the impact strength decreased slightly. All fibers suffered damage during melt compounding, but the tensile strength remained about the same as in pure PLA. All types of TMP were able to increase the PLA rate of crystallization. The HT-TMP fibers were dispersed more evenly in PLA than the 130 °C TMP. The 170 °C TMP produced composites of lower water absorption than the other two TMP types, probably because of its lower hemicellulose content and its higher surface coverage by lignin.
INTRODUCTION
Minimizing environmental impact is one of the main driving forces in the development of new materials. How 'green' a given material can be regarded is determined by a number of factors, such as renewability, recyclability, biodegradability, and energy consumption during manufacturing. Common commercial plastics are generally derived from petroleum sources, resulting in CO2 emissions and accumulation of plastic waste. A significant body of research has been devoted to the development of biodegradable plastics, most of which are derived from biomass. Out of the commercially available biodegradable plastics, polylactic acid (PLA) is the most promising. It is a thermoplastic biodegradable aliphatic polyester, commonly derived from corn or potato. Depending on its isomer composition, it can be highly crystalline (pure L-lactic acid) or completely amorphous (racemic mixture of L-and D-lactic acids), and the thermal and optical properties vary greatly according to crystallinity (Drumright et al. 2000; Nampoothiri et al. 2010) .
The relatively high cost of PLA still limits its usability as a commodity plastic, although its cost has decreased in recent years. One possible solution to this would be to introduce low-cost fillers or reinforcing agents to PLA. In the interest of maintaining the . "HT-TMP/PLA composites," BioResources 11(1), 1125-1140. 1126 biodegradability of the PLA, natural fibers, such as wood-based fibers, are a logical choice. Wood consists of cellulose, lignin, hemicelluloses, and extractives, and the relative amounts of these components vary according to wood species, tissue type, and so on. Furthermore, different cell wall layers have chemical compositions (e.g., the middle lamella layer that holds fibers together is rich in lignin, whereas the secondary wall contains more cellulose and hemicelluloses). Largely because of the cellulose and hemicellulose components, wood-derived fibers tend to be hydrophilic, which can cause compatibility problems with hydrophobic commercial plastics. One strategy to overcome the compatibility problem would be to prepare woodbased fibers of increased hydrophobicity, using a modified thermomechanical pulping (TMP) process, in which high temperatures (HT, 150 to 170 °C, instead of the more common 120 to 130 °C) are used. This way, a high yield of the initial wood material can be achieved, while avoiding the common problem of thermomechanical pulping -its high specific energy consumption. The weak interfiber bonding that is characteristic of these HT-TMPs (Roffael et al. 2001; Widsten et al. 2001 Widsten et al. , 2004 Gustafsson et al. 2003 ) is considered a drawback in papermaking, where a strong fiber network is desired, but it may even be an advantage in composite applications, where uneven fiber dispersion in the matrix is a common obstacle. It has also been proposed that the abundance of lignin in TMPs enhances their adhesion to hydrophobic matrices (Peltola et al. 2014; Solala et al. 2014) .
Current industrial use of HT-TMP is restricted to the manufacturing of medium density fiberboard (MDF). Typically, urea-formaldehyde resins are used as the adhesives in MDF, but other, more environmentally benign alternatives have been suggested (Widsten et al. 2004; Xing et al. 2005; Widsten and Kandelbauer 2008; Valenzuela et al. 2012; Wu et al. 2015) . Given that industrial scale facilities for HT-TMP manufacturing, i.e., traditional TMP mills, already exist, using HT-TMP in biocomposites should be relatively straightforward. As long as the mills have a well optimized heat recovery system, the production of HT-TMP is expected to consume significantly less energy than conventional TMP manufacturing (Solala et al. 2014) .
For these reasons, cheap HT-TMP seems like a promising candidate for reducing the cost of PLA-based composites. In this paper, we propose a new use for the HT-TMP, namely, its application in PLA-based biocomposites. To the best of our knowledge, this is the first study to cover the thermal, mechanical, and water absorption properties of meltcompounded injection molded HT-TMP/PLA composites. Previous studies, such as those of Peltola et al. (2011 Peltola et al. ( , 2014 , have described the use of conventional TMP and other woodderived fibers.
EXPERIMENTAL

Materials and Methods
Preparation of TMP fibers
The TMP fibers (dimensions given in Table 1 ) were prepared in a wing refiner (Defibrator Ab, Stockholm, Sweden) as described by Solala et al. (2014) by filling the defibrator with 100 to 120 g of spruce (Picea abies L.) chips at approximately 35% consistency, steaming the chamber evenly with 130, 150 or 170 °C steam, and refining for 2 min. Spruce is conventionally used in industrial TMP manufacturing, which is why it was selected for this study as well.
The properties of these fibers have been described elsewhere (Solala et al. 2014) , but the key differences between the reference (130 °C) TMP and the HT-TMP (150 to 170 °C) are higher surface coverage by lignin, weaker fiber-fiber bonding, and a loss of hemicelluloses at high defibration temperatures, especially for the 170 °C TMP. The TMP prepared at 170 °C also developed a darker color than the other two TMP types. According to previous studies on thermal treatment of softwood in dry and moist conditions (Sivonen et al. 2002; Pétrissans et al. 2003; Yin et al. 2011) , the equilibrium moisture content is expected to be lower for the HT-TMPs. This can be at least partly explained by the degradation of hemicelluloses at elevated temperatures. Thermal treatments have also been shown to decrease wood toughness, and similar changes presumably occur at the fiber level as well.
The resulting TMPs were screened with a 0.2-mm slot plate until no separate fibers remained in the reject fraction. The accepted fraction was centrifuged to remove excess water and homogenized for 5 min before storing at -20 °C. Before using, the TMPs were first pre-dried at room temperature until the dry matter content was approximately 90% and later fully dried (105 °C, 12 h) before melt-compounding. The PLA was pre-dried at 70 °C for 12 h.
Preparation of composites
The composites were prepared by melt-compounding fully dry PLA (Ingeo 3052D, purchased from NatureWorks LLC, USA) and fibers at 185 °C in a 5-mL DSM Xplore corotating twin-screw microextruder (Xplore Instruments, Netherlands). The fibers were not pre-treated in any other way than drying, and they were manually added to the molten PLA using a funnel. First trials were carried out at 150 rpm; based on the work of Gamon et al. (2013) , we also wanted to determine whether or not fiber damage could be limited by using a higher mixing rate, namely, 225 rpm. The barrel temperature was 190 °C at all times, and the estimated time of residence in the microextruder was 5 min for the TMP fibers. The used weight percentages of TMP in the composite were gradually increased from 0 to 20% to see how high a fiber fraction it was possible to use without damaging the microextruder. A force sensor was used to evaluate how much fiber could be incorporated; in practice, 3000 N was selected as the upper limit. In other words, the achievable fiber content in the DSM microextruder was lower than the more common industrially used fiber content of 20 to 40%. Another limitation of the used microextruder is that it may have caused more severe fiber damage than is typical for larger industrial extruders. Dog bone-shaped specimens for tensile strength (EN ISO 527-2-1BA) and rectangular standard specimens for unnotched Charpy impact strength (EN ISO 179-1/1e) measurements were then injection molded with the DSM, operating at an injection pressure of 6 bar, using a nozzle temperature of 190 °C and a mold temperature of 50 °C.
Characterization of fiber morphology
It is well known that extrusion causes damage to natural fibers (Le Baillif and Oksman 2009; Peltola et al. 2014) . Thus, optical analysis was carried out with a commercial Kajaani FiberLab (Metso Automation, Finland) device, yielding information on the fiber length and width distributions before and after melt compounding (Table 1 , Fig. 1 ). Initial air-dry TMP was dispersed in water and analyzed according to the TAPPI T271 om-98 standard with the following modifications: tap water was used to dilute the sample to a consistency of approximately 0.06 g/L. Another modification was that with the . "HT-TMP/PLA composites," BioResources 11(1), 1125-1140. 1128
high-temperature samples, more clogging took place, so the number of analyzed fibers had to be decreased by picking up the largest, splinter-like particles.
To characterize the TMP fiber properties after the extrusion, the PLA was removed by 5-h Soxhlet extraction with chloroform (analysis grade, Merck) until no PLA could be seen on the fiber surfaces. It is possible that residual PLA or the chloroform treatment itself have altered the swelling properties of the fibers, meaning that the values for thickness should be interpreted with caution. However, the fiber length values should be less susceptible to such changes and thus more reliable. 
Mechanical testing and scanning electron microscopy
Prior to mechanical testing, the specimens were conditioned at 23 °C and 50% relative humidity for at least 48 h. Tensile properties were recorded according to EN ISO 527-2-1BA from dog bone-shaped specimens with dimensions of approximately 2.1-mm thickness and 5.5-mm width with an Instron 5967 Universal Tensile Tester (Instron Corp. Canton, MA, USA). The average of five samples was calculated for each sample type. Charpy impact strengths were measured according to EN ISO 179-1/1e from unnotched specimens of dimensions 80 mm * 10 mm * 4 mm with a Ceast Resil 5.5 Impact Strength Machine (CEAST S.p.a., Torino, Italy) using a 4-J pendulum. The average of ten samples was calculated for each sample type.
Scanning electron microscopy (SEM) was used to examine the fracture mechanism in the tensile specimens. For this purpose, small pieces were sawn from the vicinity of the fracture surface. The specimens were then attached to sample holders, fracture surface upward, carbon sputtered for 10 s, and imaged with a Hitachi (Japan) TM-1000 tabletop SEM using an acceleration voltage of 15 kV.
Thermal testing by differential scanning calorimetry
Differential scanning calorimetry (DSC 204 F1, Netzsch, Germany) was used to estimate the glass transition and melting temperatures (Tg and Tm, respectively), as well as the level of crystallinity of the PLA and the composites. Approximately 10 mg of sample was weighed on an aluminum pan and heated from 25 to 220 °C with a heating rate of 20 °C/min in a N2 atmosphere (20 mL/min). Two parallel specimens were measured, with two heating cycles.
The level of crystallinity, Χ (%), was estimated using Eq. 1: . "HT-TMP/PLA composites," BioResources 11(1), 1125-1140. 1129
where ∆Hm is the enthalpy of melting, Hc is the enthalpy of cold crystallization, and ∆Hm,0 is the enthalpy of melting for 100% crystalline PLA. The values in the numerator were obtained as the areas under the appropriate peaks in the DSC graphs, using the data from the second heating runs. The used value for the denominator was 93 J/g, although some sources report slightly different values (Gamon et al. 2013) .
Water absorption
To estimate the water absorption of the composites of 20% fiber content, EN ISO 62:2008 (Method 1) was slightly modified, only by changing the specimen shape. Rectangular Charpy impact strength specimens (80 mm * 10 mm * 4 mm) were injectionmolded and sawn at one end. The specimens (three parallel specimens for each sample type) were first dried at 50 °C in a vacuum oven for 24 h, cooled in a desiccator and weighed, then immersed in 23 °C ultrapure water, dried on the surface by Whatman filter paper, and weighed again after immersion times of 24, 48, 96, 168, 216 , and 312 h.
RESULTS AND DISCUSSION
Dispersion in PLA and Changes in Fiber Morphology
In general, the composites were easy to prepare up to a fiber content of approximately 20 wt.%. However, there were clearly visible differences in fiber distributions in the PLA matrix (Fig. 2) . higher fiber-fiber bonding ability (Solala et al. 2014) ; furthermore, the high surface coverage by lignin (measured by X-ray photoelectron spectroscopy and confirmed with scanning and transmission electron microscopies by Solala et al. 2014 ) probably contributed to the easier dispersion of the HT-TMPs. It is also clear that the composites prepared from the 170 °C HT-TMP had a darker color than the corresponding composites made from the 130 °C TMP (Fig. 2) . There was a similar difference in color also visible in the initial fibers.
Comparison of the original TMPs (Table 1 ) revealed initial differences in fiber length and width, as well as in curl percentage. The fiber lengths and widths were consistently higher at elevated defibration temperatures, whereas the curl values were lower, supporting the notion that HT-TMP fibers are stiffer and more intact than conventional TMP (Gustafsson et al. 2003; Solala et al. 2014) . Before melt compounding, the fines content was roughly the same for all sample types, perhaps slightly lower for the 170 °C HT-TMP. The term 'fines' refers to the fiber fraction that can pass through a round hole of a diameter of approximately 76 µm (according to the TAPPI standard T261 pm-80). Generally, the specific surface area will increase as particle size increases, leading to effective interfacial bonding (Ahmed and Jones 1990) . On the other hand, a decrease in fiber aspect ratio may decrease the strength properties if the fiber length is not at a sufficient level. The high shear and temperature of the extrusion caused a dramatic drop in fiber length, but fiber width remained practically unaffected by the process, as was expected. Fiber aspect ratios of the melt-compounded HT-TMPs (Fig. 3) were close to typical values for wood flour composites (Migneault et al. 2008; Hietala et al. 2011) , whereas the aspect ratios of the 130 °C TMP were slightly higher for both mixing rates, indicating that the TMP produced at 130 °C was more resistant to the thermomechanical damage. Use of the lower fiber contents (5%) resulted in a slightly less severe fiber damage than what was observed for 20%, as expected. Because all fibers were in their dry state during the melt compounding, they were expected to be in a hard/brittle state at the used temperature; native lignin softens only above 205 °C when dry (Salmén 1982) . This leads to fiber cutting occurring more frequently than fiber fibrillation. Furthermore, analogously to the way solid wood pieces lose their toughness upon thermal degradation (Sivonen et al. 2002) , the high defibration temperatures (150 to 170 °C) likely caused initial embrittlement of the fibers (Yin et al. 2011) , which led to the observed difference in fines content. It is also possible that because the 130 °C TMP was not dispersed as evenly in PLA, the presence of fiber flocs protected the inner parts of the fiber agglomerates, leading to the less extensive fiber damage observed in the 130 °C TMP.
Based on the fiber length analyses after melt-compounding at 150 and 225 rpm, the attempt to limit fiber damage by increasing the mixing rate did have a small effect on fiber damage. The 130 °C TMP was damaged less at 150 rpm than at 225 rpm (Table 1) but the opposite was observed for the HT-TMPs: their fiber lengths remained at a slightly higher level after being melt-compounded at 225 rpm. Based on this, some modest improvements in fiber length may be obtained by optimizing the conditions of melt compounding, but further studies will be needed to confirm this.
Mechanical Properties and Fracture Mechanism
Mechanical properties of the 20 wt.% fiber composites extruded at 150 rpm are summarized in Table 2 . The density did not change significantly upon the introduction of the TMP fibers (ρ = 1.27 ± 0.01 g/mL for pure PLA and 20% TMP composites), meaning that simple comparisons of the mechanical properties should be possible. The tensile strength and elongation at break did not change in any major way after the addition of TMP; the impact strength decreased by roughly 30% from the value of pure PLA. The Young's modulus increased, especially for the HT-TMPs. 51 ± 5 4.5 ± 0.5 4 ± 1 12 ± 1 Ext-TMP 150 20% 59 ± 1 5.4 ± 0.7 3.8 ± 0.3 12 ± 2 Ext-TMP 170 20% 56 ± 3 5.6 ± 0.4 3 ± 1 13 ± 2 Number of parallel specimens: five for tensile strength, Young's modulus, and elongation at break; ten for impact strength. Errors as one standard deviation Mechanical properties depend on the fiber volume fraction and length, the latter being much more important in terms of tensile properties (Fu and Lauke 1996; Fu et al. 2000) . Composite stiffness, i.e., Young's modulus, is less sensitive to changes in fiber length and mostly depends on the fiber volume fraction (Fu et al. 2000) , as was seen in our experiments as well. Impact strength is more sensitive toward adhesion problems, resulting in typically low impact strength values of natural fiber composites (Saheb and Jog 1999; Li and Sain 2003) . This is a potential topic for a follow-up study where the effect of reactive coupling agents on the mechanical properties would be tested. On the other hand, fibermatrix adhesion is not the only parameter that influences the impact strength, and it is possible that the low elongation at break values of the TMP fibers contribute to the decrease in impact strength (Wambua et al. 2003) .
Even at 20 wt.% fiber content, no increase in tensile strength could be seen in any of the composites (Fig. 4) . However, it should be noted that large-scale extruders are commonly used for fiber contents as high as 40%, so the melt-compounding method employed in this study is not directly comparable to existing industrial processes. It is possible that an increase in tensile strength would be achieved at higher fiber contents. Assuming that both the fiber length and the interfacial adhesion were at a sufficient level, it is possible that a reinforcing effect would be achieved by further increasing the fiber content to 30 to 40 wt.% (Migneault et al. 2009; Peltola et al. 2014) . Peltola et al. (2014) reported a notable increase in tensile strength (77 MPa vs. 61.5 MPa for neat PLA) for 30 wt.% H2O2-bleached TMP with an average length of 0.43 mm. According to Koljonen et al. (2003) , peroxide bleaching has only a very limited influence on the surface lignin of TMP fibers. It is therefore likely that the 0.35 to 0.40 mm length of our 130 °C TMP was not the reason for the lack of a reinforcing effect. Surprisingly, the 130 °C TMP did not produce stronger composites than the HT-TMPs, even if it had a higher aspect ratio (Fig. 4) -on the contrary, for the composites prepared at 150 rpm, its tensile strength was slightly lower than that of the composites containing HT-TMP, indicative of a slight improvement in the fiber-matrix adhesion for the HT-TMPs. Visual inspection of the tensile specimens indicated that the specimens had fractured in a brittle manner (Fig. 5) . As could be seen in Fig. 2 as well, the 130 °C TMP was less evenly dispersed in the matrix, containing fiber bundles that were visible also in the SEM images (Fig. 6a) . The 150 °C fibers were much more evenly distributed in the PLA matrix (Fig. 6b) , showing only occasional fiber pull-out from the matrix. Also, the 170 °C TMP fibers were evenly distributed, but showed more pull-out from the matrix, as well as holes surrounding the fibers (Fig. 6c) . In many cases, the pulled out fiber segments had a microfibril angle parallel to the fiber axis, meaning that the S2 layer of the secondary wall was revealed. According to Solala et al. (2014) , lignin-rich middle lamella fragments are more frequently present on the fiber surfaces of the 170 °C TMP. For this reason, it seems plausible that these lignin-coated fibers have strong enough adhesion with the PLA to favor fiber delamination, i.e., cell wall fracture, over the pull-out of intact fibers, especially because the transition zone between S1 and S2 layers of softwood secondary walls has been identified as the weakest region of the cell wall (Brändström et al. 2003; Gustafsson et al. 2003) . It should also be noted that thermal treatments cause degradation in glucomannan (Yin et al. 2011) , the hemicellulose that is typically enriched at this S1/S2 boundary of conifer fibers (Donaldson and Knox 2012) , implying that the 170 °C TMPs may have suffered additional weakening in the S1/S2 region because of the elevated defibration temperature. Sugar analyses by Solala et al. (2014) 
Thermal Properties
The results of the DSC measurements (Table 3) showed no major changes in transition temperatures after fiber addition. The Tg and Tm values of pure PLA before and after extrusion treatment were also similar, meaning that no significant degradation of PLA took place. The crystallinity values increased after fiber addition, already at very low fiber loading (Table 3) : at 2% and 20% fiber content, there was only a small difference in sample crystallinity. It is well known that various solid particles, including natural fibers (Mathew et al. 2006; Pilla et al. 2009; Pei et al. 2010) , can act as nucleating sites, thereby increasing the crystallization rate. Both the first and the second heating cycle of DSC indicated that the presence of fibers increased the rate of crystallization. For the second cycle (Table 3) , the crystallinities were identical for all TMP types, but for the first cycle the 130 °C TMP crystallized slightly less fast (the first-cycle crystallinities were 13 ± 7% for the pure PLA, 22 ± 5% for the 130 °C TMP, 26 ± 2% for the 150 °C TMP and 30 ± 1% for the 170 °C TMP, when the fiber contents were 20%). The rather high standard deviations indicate greater inhomogeneity in the extruded PLA and the 130 °C TMP composite samples. In general, DSC specimen selection is crucial, and care must be taken to ensure representative results.
The limited crystallization of PLA in injection molding can cause the impairment of mechanical properties (Harris and Lee 2008; Drieskens et al. 2009; Sanchez-Garcia and Lagaron 2010) , but our data indicate that the introduction of fibers speeds up the crystallization process in the used experimental setup. Transcrystallization, the formation of oriented crystals at the fiber-matrix interface, has been found to dominate in PLA/wood flour composites, where the fiber surface is rough (Mathew et al. 2006) . Similar crystallization is very likely in these composites as well.
The results for both the crystallinities and the mechanical properties are in line with previously reported values for PLA and pine wood flour (Mathew et al. 2006; Pilla et al. 2008) . Despite the increased crystallinity, the tensile strength remained at its initial level and the impact strength decreased slightly upon the introduction of fibers.
Water Absorption
Water absorption was lowest in pure PLA, as expected (Fig. 7) , despite the fact that the specimen densities were practically the same for all sample types (i.e., 1.27 ± 0.01 g/mL). After nearly two weeks of immersion in water, the water absorbance values were 0.7% for PLA, 3.0% for 130 °C TMP, 2.8% for 150 °C TMP, and 2.3% for 170 °C TMP. . "HT-TMP/PLA composites," BioResources 11(1), 1125-1140. 1136
These values are very close to the ones obtained by Peltola et al. (2014) for PLA/TMP composites with 30 wt.% fiber. Possibly because of the uneven nature of the composites with 130 °C TMP, their absorption values had higher standard deviations than any other samples. However, it can be concluded that composites with HT-TMPs absorbed less water than composites with the 130 °C TMP, especially in the case of the 170 °C TMP. The reason for this is likely the higher surface coverage by lignin or the loss of hemicelluloses (Sivonen et al. 2002; Solala et al. 2014) , both of which are expected to decrease water absorption on the fiber level. Another thing to consider is that fibers may form a network, through which water can diffuse more efficiently than through the pure polymer (Peltola et al. 2014) . It is also possible that the presence of fiber agglomerates in the 130 °C TMPs led to the presence of voids, which further increased the water absorption (Peltola et al. 2014 ) but this was not investigated further in the present study due to the fact that the density values were so close to each other. However, the pore size distribution of TMP and HT-TMP could be compared in future studies to further elucidate the reason for the observed difference in water absorbance (see, for example, Maloney and Paulapuro 1999) . For future studies, we propose that also the variation in composite and TMP fiber porosities be characterized. Based on the results presented herein, HT-TMP/PLA composites show potential for replacing commodity plastics in an ecological and economical way. Especially in applications where the mechanical properties of pure PLA are sufficient, the inclusion of HT-TMP may enable partial replacement of PLA without compromising the material properties excessively, thus enhancing the competitiveness of PLA in commodity products. . "HT-TMP/PLA composites," BioResources 11(1), 1125-1140.
1137 CONCLUSIONS 1. The inherently hydrophobic HT-TMP was evenly dispersed in the PLA matrix, whereas the reference TMP (defibrated at 130 °C) remained partly as visible fiber bundles. It is likely that the low level of fibrillation and the weak fiber-fiber interactions were crucial for achieving efficient mixing.
2. Despite having higher initial aspect ratios, the HT-TMPs were damaged more severely in extrusion and in the end had lower aspect ratios than the 130 °C TMP. Damage to the HT-TMP could be slightly decreased by increasing the mixing rate in the extrusion, but the 130 °C TMP was damaged more at the higher mixing rate.
3. For composites with the highest fiber content (20%), the tensile strengths of the composites remained at approximately the same level as for pure PLA, the Young's moduli increased, but the impact strengths decreased slightly. However, the crystallinity values of the extruded and injection molded specimens increased in the presence of fibers, suggesting that nucleation took place, accelerating the PLA crystallization.
